Introduction
Whenever we think or act, billions of neurons send messages to precise destinations throughout the brain. Without conscious effort, our neurons call one another on a network of trillions of connections. In epilepsy, we observe entire populations of neurons initiating a conversation without provocation, resulting in what we term a seizure, often causing a violent loss of bodily control and consciousness. Epileptic seizures have been historically viewed as signs of demonic possession, divine intervention, and even artistic genius, but now they are powerful and remarkable reminders that our own neurons can unite and turn against us. Advances in medicine can help many patients achieve seizure freedom, but others are candidates for invasive brain surgery. Not only has surgery given hope to medically intractable patients, the practice has led to some of the most profound discoveries about the brain. We showcase the evolving understanding of epilepsy as well as landmark neuroscience research uniquely made possible by neurosurgery.
We like to feel in control of our lives. We sometimes take for granted the freedom to think and move however we please. However, we have taken up arms and fought wars when our autonomy has been threatened. We immediately notice and urgently respond when some force restricts our freedom.
Epilepsy is one of these forces, unexpectedly wresting control of its sufferers' bodies and minds. Its symptoms, which can include violent convulsions of extremities, forced contraction of muscles, and loss of consciousness, force us to face the unpleasant reality that our autonomy is not guaranteed. The word "epilepsy" itself, derived from the Greek epilambanein ("to seize"), reflects the ancient belief that its sufferers were becoming possessed by supernatural beings, stripped of all personal control [1] .
History of Epilepsy
The overwhelming nature of epilepsy has challenged the scientific community for thousands of years, all the while contributing to critical scientific advances [2] . Despite epilepsy's uncanny characteristics, [3] Hippocrates (400 BCE) claimed that this phenomenon was "no more divine than others. " This perspective arguably paved the way to our modern, naturalistic approach to medicine. We now define epilepsy generally as a susceptibility to recurrent, spontaneous seizures [4] . For decades, many world leaders, scientists, and artists have been living healthy, productive lives with epilepsy [1] . Nowadays, one of the only immediate concerns for epileptic patients is the possibility of a spontaneous seizure occurring at a moment that will endanger their lives or those around them. Such moments include driving a car, holding a baby, or being in another critical situation that requires high alertness. If those are controlled, life with recurring seizures can be seemingly normal.
Nonetheless, despite millennia of progress, epilepsy remains one of the most common neurological conditions. Epilepsy occurs in over 50 million people, almost 1% of the world's population, and it affects individuals of all backgrounds [5] . Regional studies of its economic impact have been conducted around the world; in Europe alone, the estimated costs related to epilepsy exceed $18.8 billion per year [6, 7] . These calculations cannot capture the complete economic impact, which also includes substantial losses in earnings and productivity.
Here, we review the latest understanding of epilepsy itself and also the extraordinary research that has arisen tangentially.
Potential Causes of Epilepsy
One of the challenges that epilepsy poses to clinicians and researchers is that there are many possible causes, often impossible to determine in a given case.
Epilepsy may be caused by an underlying neurological condition or brain damage, which causes unprovoked sequences of activity that quickly propagate throughout the brain site. Some epileptic conditions are present at birth, while others develop later in life [8] . A patch of scar tissue in some part of the brain, a head injury, stroke, cerebral palsy, genetic syndromes, growths or tumors of the brain, and previous infections of the brain such as meningitis or encephalitis could all lead to an irritation of the surrounding brain cells, which could trigger the recurrent seizures that characterize epilepsy [9] . Accordingly, clinicians tend to classify cases of epilepsy not by their potential causes, but by the types of seizures experienced.
Signs of Epilepsy
Clinicians have documented many types of seizures, but despite these differences in manifestation, a seizure has been broadly understood as an episode of abnormal patterns in levels of synchrony in the discharge of a population of neurons [10] . Historically, seizures have been described as periods of heightened synchronization, but Jiruska et al. [11] have suggested that this characterization oversimplifies the phenomena. In particular, neuronal populations often desynchronize moments before seizures and during their early stages with excessive synchrony following later ( Figure 1 ) [11] . The maximum synchronization is actually observed at the offset of a seizure and is thought to facilitate the seizure's concurrent termination throughout the brain. While there is ongoing research on treating epilepsy by inhibiting extreme synchrony, this refined understanding has led to research on promoting synchrony as an abortive therapy.
Clinicians characterize seizures by their behavioral manifestations, structural manifestations, or the impairment of consciousness that is associated with the affliction. Since seizure symptoms are some of the most outwardly observable features among neurologic disorders, they have been extensively studied and catalogued. Table 1 [12, 13] illustrates the classical breakdown of seizure types that is commonly used by physicians.
Not all patients who experience a seizure are epileptic; a defining characteristic of epilepsy is the recurrence of seizures [9] . A nonepileptic patient could experience a seizure in a variety of situations where the brain is under severe stress or as the outcome of psychogenic states [14] . As such, one test for the type of seizure is the identification of the existence of a reliable source. Similar to the behavioral signatures of epileptic seizures that hint on the approximate structure, which is associated with the focus (i.e. a left arm twitching suggesting a right motor cortex involvement) some reliable ways are used to distinguish psychogenic non-epileptic seizures from genuine epilepsy. One such measure is determining whether the patient's eyes are closed or open during the seizure. In some situations, the seizure generation is psychiatric and a patient feels the need to manifest a seizure despite having no neurological focus; as such, this manifestation involves an act of personal enhancement of the seizure, which involves an increased depiction of symptoms as perceived by the patient, among which is closing the eyes. In nearly every one of more than 200 patients studied, patients with psychogenic non-epileptic seizures closed their eyes as a way to emphasize the effect of a seizure, while the eyes of those with epilepsy remained open [15, 16] .
Why Seizures Start and Stop
A yet unanswered question in the study of epilepsy is how seizures spontaneously originate and why they terminate. A seizure spreading throughout the brain is occasionally compared to an earthquake propagating from its epicenter. This analogy has inspired neuroscientists to adopt earthquake detection techniques from seismology to predict seizures prior to their occurrence. Even a few seconds of warning prior to the onset of a seizure could entirely change the disease's severity. Patients alerted on an upcoming seizure would be able to stop their car safely, put down their baby to avoid harm, or ask for help from a caregiver. While some patients report having an aura (certain smells, feelings, or experiences) prior to seizure onset, this has not proven to be dependable. Given that there is no reliable predictor just yet, patients with epilepsy are often unable to drive a car, work with heavy machinery, or be involved in certain activities that may risk their lives if they suddenly lose control. Since there are millions of patients with epilepsy, numerous companies have attempted to market supposed solutions for predicting and preventing seizures.
Seizure prediction has existed since the 1970s, and some scientists have claimed to be able to predict seizures up to 6s before onset [17] , but rigorous testing of these methods since 2003 has not demonstrated significant predictive power thus far [18] . Large datasets of pre-and inter-ictal recordings from patients are currently used to test suggested predictors that apply a variety of non-linear methods, fueling optimism that an algorithmic solution will be confirmed [19] . Methods ranging from feature detection, correlation analysis, phase synchronization identification, and dynamical entrainment are all part of a battery of assays used to isolate the onset of a seizure from non-epileptic brain activity.
Related novel treatment concepts include the introduction of closedloop neural intervention systems that will allow the halting of a seizure by inducing drugs to a target area [19] , electrical stimulation via an implanted electrode [20] , or biofeedback [21] ; these techniques have the potential to change the course of the disease. However, for these methods to be viable alternatives to the current open-loop therapies that involve chronic administration of medication, one has to be convinced both that the ability to identify the seizure onset is above statistical chance, and that such intervention techniques will indeed stop the seizure. Identifying the exact locations to target and the appropriate amount of drugs or stimulation to administer will continue to be crucial. Additionally, in order to use any of these techniques, one must understand not only why seizures originate and how to identify their onset, but also why they stop. Fortunately, most seizures stop on their own after a few minutes [22] . Given that the length of a seizure is correlated with higher damage to the brain it is essential to be able to stop seizures rapidly [23] . The median seizure durations are 78s (complex partial) and 130s (secondarily generalized), with termination caused by multiple reasons, ranging from loss of ionic gradient at the single neuron level, (which effectively is equivalent to depletion of the cell's energy substrates locally, resulting in the cessation of neuronal firing), lack of amplification at the network level, which stops the excitation and synchronicity across sites, external mechanisms that limit the seizure spread, or specific intervention in the form of activation of structures that inhibit the seizure [22] . One of the most studied mechanisms of seizure onset and offset is the effect of inhibitory (e.g. GABA) and excitatory (e.g. glutamate) neurotransmitters.
Electrophysiological studies suggest that reduced GABA (gamma-aminobutyric acid) inhibition contributes to the neuronal hyperexcitability that is characteristic of epilepsy [24] . Additionally, microdialysis studies have found heightened levels of extracellular glutamate the main excitatory neurotransmitter immediately preceding or during seizure onset [25] . In general, perturbing the balance of the excitatory and inhibitory neurotransmitters has been implicated in seizure generation [26] .
These understandings of how seizures start as well as stop, and the fact that even among severe epileptic patients, the tendency for seizures to terminate within minutes suggests that better understanding of the brain's own control mechanisms and the way they put an end to a rebellion of specific cells can prove to be essential in unraveling in novel treatments for epilepsy, and potentially even help identify fundamental control mechanisms in the brain which will have implications for other diseases.
Epilepsy Prognosis
Three typical prognoses are commonly used to determine the treatability of the disease (in increasing order of difficulty): (1) "spontaneous long term remission, " seizure freedom after different amounts of activity and time, (2)"medical suppression of seizures, " requiring ongoing antiepileptic drug therapy, and (3) "medically intractable epilepsy, " which may require surgery to achieve seizure freedom (see the Neurosurgery section later in this paper). The first two prognoses account for a combined 40-60% of epileptic patients, while the third type occurs in the remaining proportion [27, 28] . Table  2 provides descriptions and examples of each prognosis category [27] .
Comorbidity
Another important component to the prognosis of an epilepsy patient is that the disorder co-occurs with numerous other diseases, especially brain tumors, neurodegenerative disorders [29] , neuropsychiatric disorders, and pain disorders [30] . Other kinds of conditions have also been shown to have statistically significant comorbidity; for example, asthma has a prevalence ratio of 1.25 with epileptic patients (Table 3) [29, 30] .
Effects on Sleep
The comorbidity of epilepsy and sleep disorders has been particularly well studied amongst researchers and clinicians as patients with epilepsy are twice as likely to suffer from daytime sleepiness, insomnia [31, 32] , Forced contraction of muscles for 30s ("tonic phase"), often causing patients to fall and become cyanotic (blue).
Jerking of extremities follows for 1-2 min ("clonic phase"). Sleepiness and soreness follow convulsions None or myoclonic jerks Lost, often followed by coma and slow recovery 3-5 Hz spike-wave pattern and fatigue even after periods of sleep [33] . Notably, seizures can occur during sleep unbeknownst to the patients, but with the same negative consequences as wakeful seizures. Disruption of sleep and repeated awakening are also common among epileptic patients [34] . The issue of excessive daytime sleepiness improves with patients whose epilepsy has been successfully treated [35] . However, some medications for epilepsy, such as benzodiazepines, facilitate the onset of sleep, but can reduce the amount of REM (rapid eye movement) sleep, increase daytime somnolence, and lower overall sleep quality [36] . Given the close link between sleep and mood, studies show that patients with poorly controlled seizures tend to have a higher prevalence of depression and anxiety [37, 38] (Table 3 ). Some seizures (e.g. ones with frontal lobe foci) occur more frequently during certain sleep stages [33] . Steriade et al. [39] hypothesized that this phenomenon occurs during those stages because synchrony of neuronal discharge within thalamo-cortical networks increases cortical excitability and facilitates the spread of interictal epileptiform discharges to remote brain areas.
The transition from sleep to arousal is associated with reduction in thalamocortical synchronization and spatial restriction of these discharges.
Studies of epileptic patients' sleep have significantly furthered our understanding of sleep itself by investigating different sleep oscillations such as slow waves, sleep spindles, gamma and ripple oscillations, and ultraslow neuronal fluctuations [40] . The manner in which such sleep oscillations may contribute to memory consolidation is an area graining increasing attention. Ultimately, the ability to study sleeping humans with electrodes inserted deep inside their brains facilitates the investigation of one of the ultimate frontiers of consciousness: dreams [41] .
While dream recording, thus far, has relied solely on reporting from human subjects after they have woken up, studies of sleeping patients implanted with electrodes can provide insights into the very mechanisms that govern those dreams in a similar fashion to the techniques that allowed for access to imagery [41] .
Treatments for Epilepsy
While there is no cure for epilepsy to this date, there are several treatments that are effective for patients in prognosis categories 1 and 2.
Pharmaceuticals
Various medicines can treat the occurrences of the disease and control the frequency of seizures. These remedies typically focus on stabilizing the electrical activity of the brain, and in doing so the ability to regulate the seizure or halt it altogether by suppressing the spread of activity from the malfunctioning region to neighboring sites [42] . Medications range from anti-seizure drugs, which block sodium or calcium ion channels in neurons, or drugs that enhance GABAergic (inhibitory) function, which have been shown to decrease the frequency of seizures [43] . These drugs can help 40-60% of patients [27, 28] , leaving the remaining patients as candidates for alternative therapies or more invasive surgical procedures. 
Prognosis Category Description Examples

Spontaneous Long Term Remission
Patients in this category can eventually achieve seizure freedom without the use of antiepileptic drugs.
Although not strictly required to achieve remission, practitioners often prescribe medication in this condition, since each seizure can be harmful and even life threatening. If these patients do receive treatment before the onset of "spontaneous" remission, the first or second monotherapy (single drug treatment) is frequently effective with only moderate doses of medication. Further, seizure freedom persists after the medication is discontinued, indicating true remission.
Benign Neonatal Seizures, Benign Rolandic Epilepsy, Childhood Absence Epilepsy
Medical Suppression of Seizures
With the continued use of antiepileptic drug therapy, patients in this category can achieve seizure freedom; however, this outcome should not be confused with true remission because discontinuing treatment will result in a relapse. Practitioners recognize that the epileptogenic process still persists and their attention is restricted to treating the symptoms. Patients in this category may not respond to monotherapy, and instead may need polytherapy, which consists of a selection of several drugs determined clinically on an individual patient basis. 
Non-Pharmaceutical Solutions
Additional treatments include brain stimulation of the target area or of nerves and of sites such as the thalamus or the hippocampus to drive seizure reduction [44] . Thalamic stimulation as well as intracranial stimulating devices to predict and prevent seizures offer an alternative route of medication, yet their success rate is limited [45] . Given the genetic aspects of epilepsy and cell mutations that are linked to the syndrome, more gene-directed therapies are now tested to control those mutations. Currently, a number of animal studies focusing on transfection use viral components to introduce new genes into brain cells, which are aimed at producing therapeutic proteins in the brain. Additionally, the rise of the new field of optogenetics, which allows for specific targeting of brain cells driven by light-sensitive proteins, can be used to inhibit or stimulate cells to help regulate an excited network [46, 47] . While these are currently being tested, they are not yet offered as a potential treatment for humans due to the risky nature of injection viral genetic material, which is part of the optogenetic solution. However, a number of scientists and clinicians have proposed starting clinical trials of gene therapy for epilepsy [48] .
Finally, given the clear metabolic aspect of genetic modification and protein altering in epilepsy, certain dietary and nutrition changes tested show an effect on the frequency of seizures, especially with children. Currently, more than half of the tests involving the ketogenic (high fat, low carbohydrates) diet have shown an improvement in seizure control. Some of the patients achieve full seizure freedom [49] . To this date, the nature of the diet and the reasons it decreases the frequency is not fully understood.
Neurosurgery
For patients in whom pharmacological treatment and alternative therapies do not yield seizure control (i.e. prognosis category 3: medically intractable epilepsy), an additional treatment option is invasive brain surgery. In some of these patients, the neuronal network causing the seizures can be identified in sufficient detail to enable focal surgical intervention in the form of resection, disconnection, or chronic stimulation to neutralize the seizures [50] . These surgical procedures, and in particular precise focal surgical resections, can often produce a complete cure or considerable improvement in seizure frequency or severity with very few, if any, consequences in terms of neurological or cognitive function.
Epilepsy surgery for focal seizures began more than a century ago and progressed with the technical innovations of EEG and neuroimaging. In the1860s and 1870s, the pioneering clinical work of the epileptologist John Hughlings Jackson laid the groundwork for understanding the cortical localization of focal epilepsies, while the animal experiments of the neurophysiologists. Gustav Theodor Fritsch, Eduard Hitzig, and David Ferrier gave parallel confirmation of Jackson's conclusions [51] .
After pre-surgical evaluation has identified the epileptogenic zone, clinicians plan the operative procedure most likely to benefit the patient. The most common procedures involve the epileptic focus being resected or the corpus callosum being severed. In rare instances, an entire hemisphere will be removed, although it is more common for clinicians to perform a "functional hemispherectomy, " which is less invasive but still severs major connections between lobes to separate the healthy portions of the brain from the epileptogenic zones. This is done in order to contain the seizure and prevent a spread and takeover of the entire brain by the synchronous activity.
The majority of resective procedures performed for epilepsy are variants of anteromesial temporal resections since mesial temporal lobe epilepsy is both the most common and the most medically refractory focal epilepsy [52] .
In addition, a disconnective procedure for temporal lobe epilepsy referred to as temporal lobotomy has been reported in a small case series with preliminary outcome data [53] .
Cognitive Studies of Epileptic Patients
Finally, the advancement of surgical techniques for epilepsy treatment has pushed the boundaries of neuroscience. Some of the most remarkable discoveries about the brain were made possible via direct recording of neural activity during surgery [54] . This kind of surgery requires the temporary removal of a section of the patient's skull (craniotomy) to expose the brain and strategically implant electrodes for real-time monitoring and analysis.
Since the electrodes remain implanted and continue to record neural activity while the patient is awake, neuroscientists have been able to study some of the most profound aspects of our psyche. Discoveries such as the split-brain phenomenon and direct recordings from memory areas (e.g. hippocampus, entorhinal cortex) and emotion areas (e.g. amygdala) have spurred a branch of neuroscience that eavesdrops on the communications of individual brain cells.
Split-Brain Phenomenon
One of the most intriguing phenomena that unraveled much of today's understanding on the brain and consciousness is that of splitbrain. The split-brain phenomenon arises from the severing of the corpus callosum-the bridge connecting the two hemispheres in the brain-and as such the main highway of communication between the two parts. This last resort in treating epilepsy limits seizure propagation to a single hemisphere, leaving the other hemisphere intact and as such, in control of the opposite side of the body. Patients are able to live relatively normal lives, albeit with the unique situation in which the two halves of the brain are unable to communicate with each other. This, in turn, leads to interesting documented cases of patients unable to verbally communicate (as language is typically controlled by the left hemisphere) what they are seeing in the left half of the visual field (as the left hemifield is controlled by the right hemisphere), or unable to solve puzzles (right hemisphere) with their right arm (left hemisphere), and other outcomes rising from the severed communication between the two hemispheres. Accordingly, this helped explain the interesting internal vying for dominance over our single consciousness by multiple entities residing inside our brain, which is an essential part of our understanding of choice, decisions and our psyche [55] .
Neural Mapping
The localized nature of epileptic foci resection additionally gives rise to an opportunity to use the invasive procedures to study the human brain. For nearly a century, neurosurgeons have used this rare exposure of the brain to probe individual sites for cognitive research. This groundbreaking research has lead to extraordinary understanding of human cognition [40] . One of the earliest and most notable examples of this research was the work of neurosurgeon Wilder Penfield who pioneered the "Montreal procedure" of resecting the epileptic foci to eliminate seizures [56] .
While trying to locate seizure foci, Penfield probed his patient's brain and observed responses. This neural stimulation procedure enabled Penfield to map the sensory and motor cortices of the brain [57] . Following this line of research, there are now multiple labs that use a version of the same technique to study the brain during the resection process. Neuroscientists carefully monitor the exposed part of the brain while the patient resides in the epileptic ward by placing a set of electrodes either on the surface of the cortex or deep inside the brain. The clinical requirement is that following placement of these electrodes performed in the operating room, the patients need to be monitored for several days and sometimes for up to three weeks until a sufficient number of spontaneous seizures are captured. This protocol enables the correlation of brain activity with the actual seizures to be captured on a video monitor in the hope of then identifying the network underlying the seizures. If this monitoring is successful, later surgery may be offered for resection, which is likely to prove curative. These electrodes continuously record the activity of a local field or individual neurons (single-or multi-units). Clinically, these electrodes are used to locate the seizure foci; patients wait for a spontaneous seizure to occur, and once it does, the electrodes are used to triangulate the origin of the seizure and accordingly guide the resection of the focus (Figure 2) . Independently, there are countless pure research applications of these electrodes, either targeting the disease itself [58] , or investigating other cognitive functions altogether ( Figure 2 ) [40] .
Human brain studies using these techniques can be classified by data type, electrode type, and the functions targeted. The electrodes are typically either "grid electrodes, " sheets of dozens (or even hundreds) of electrodes that cover a large surface on the cortex and usually record local field potentials ( Figure 2 ), or "depth electrodes, " used in much smaller quantities, located in close proximity within a larger macroelectrode implanted in the brain that targets deeper regions and accesses the spiking activity of individual neurons.
Neurosurgical procedures for treatment of severe intractable epilepsy have provided the most opportunities to record single neuron activity over relatively long periods of time in awake, conscious patients [59] .
Anecdotally, this field of research was born when Penfield noted that one of his patients claimed to have an "aura" of a burnt toast. That is, prior to having a seizure she reported experiencing the smell of burnt toast. This story [60] suggests that the patient had an olfactory precursor that, upon resection, led to having no seizures. Such auras as precursors for seizures are common among the patients and often indicative of the brain area that afflicted with the damage causing the seizure (e.g. a feeling of fear prior to the seizure could indicate a pre-activation in the amygdala as a precursor to the seizure). Today, clinicians commonly ask the patient's relatives prior to the surgery to describe any phenomena arising prior to the seizure as a way to identify signatures of brain areas for further investigation or future resection.
Consciousness
Given the unique nature of epilepsy and the fact that consciousness is impaired during a majority of seizures, the disease has become a platform for hypotheses, tests and studies of the nature of consciousness. Studies of varying degrees of consciousness in epilepsy patients during surgery under local anesthesia have captured the imaginations of generations of neuroscientists [61] (Penfield, in the famous 1936 Harvey Lectures, suggested that such studies with epilepsy patients could pave the road to a robust theory of consciousness).
Conclusion
Was Hippocrates right when he said epilepsy was "no more divine than others?" After all, epilepsy has inspired, taught, challenged, and enlightened us more than any other phenomenon. When we think of usual diseases, we imagine the archetypal battle of "good versus evil, " our bodies versus pathogens. However, with epilepsy, these lines are blurred as civil wars spontaneously erupt within our brains. Friendly neurons can become rebellious ones in an instant. Our understanding of the condition, and by extension the entire brain, is constantly evolving. Just when we think we are regaining our freedom from the "rebellious neurons" that characterize epilepsy, we are challenged to rethink our models and build new ones. Every discovery marks progress, but also inevitably leads to the realization that the phenomenon is even more complex than originally imagined.
Sweeping advances in medicine and surgery have transformed an utterly debilitating disorder into a manageable condition for millions of people. Epilepsy has offered us a way to learn more about ourselves and tackle the mechanisms underlying memory, cognition, consciousness, and personal identity.
By passionately pursuing this kind of research, we might save the world from some of its most frightening forces-neurodegenerative diseases like Alzheimer's, neuropsychiatric disorders like depression, brain tumors, and chronic pain. Epilepsy need not be viewed as a threat to our identity, but rather as an opportunity to understand ourselves more deeply and shape our future as individuals and as a society.
For example, the association of epileptic seizures with heightened synchrony between neurons was followed by the observation that it is actually a dynamic process that includes desynchronization in addition to excessive synchronization [11] . Additionally, findings and models in epilepsy research have led to new lines of scientific inquiry. In particular, the topic of neural synchronicity has attracted substantial attention. Analysis of within-brain synchrony has offered promising clues for seizure prediction [30, 18] . Recent findings also suggest that synchrony between brains (i.e. different people) in various contexts (e.g. listening to a story, watching a video) can be used to predict key aspects of shared experiences, such as an audience's engagement at certain moments relative to others [62, 63] . Continued investigation of the numerous manifestations of neural synchronicity promises improved understanding of both normal and anomalous brain activity.
Although epilepsy is a moving target, we are getting progressively closer-major diagnostic and therapeutic breakthroughs regularly update our knowledge and inspire new lines of inquiry (Box 1 includes a selection of highlights) [64] [65] [66] 20, 49, [67] [68] [69] .
Breakthrough: Choy et al. [64] identified a novel MRI signature to predict temporal lobe epilepsy noninvasively in a naturalistic rat model of febrile status epilepticus. Their study utilized high magnetic fields and long-term video EEG to identify markers of epileptogenesis.
STIMULATION THERAPY
The RNS (responsive neurostimulation) System, developed by NeuroPace, Inc. (Mountain View, CA) provides an alternative to indirect modulatory stimulation therapies such as vagus nerve stimulation. The RNS System utilizes surgically implanted intracranial electrodes to directly detect seizures and respond with 'counter-stimulation'.
Breakthroughs:
Ben-Menachem et al. [65] confirmed that responsive neurostimulation is safe and its efficacy improves over time. The FDA approved this device to treat epileptic patients who have been unable to achieve seizure control with two drug therapies. Morrell [20] showed that this system significantly reduced seizures.
DIETARY THERAPY
While their mechanisms are not fully understood, special diets (e.g. the ketogenic diet; cf. Kinsman et al. [49] ) have helped reduce seizure frequency in epileptic patients. However, patients often struggle to follow these strict diets, so alternatives would be welcomed.
Breakthroughs:
Kim et al. [67] showed that a low glycemic index diet reduces seizure susceptibility in mice. In particular, they suggested that changes in levels of blood glucose might trigger seizures.
GENETICS
Geneticists have been largely unable to identify common genetic variants that affect the likelihood of developing epilepsy. In addition to diagnostic applications, the genetic makeup of an epileptic patient could also indicate which therapies are more likely to be effective.
Breakthroughs: Using heritability analysis, Speed et al. [68] further described the genetic architecture of epilepsy. They also presented promising results in predicting which patients that have experienced one seizure are likely to have more seizures in the future, and might therefore benefit from anti-epileptic medications.
TECHNOLOGY
Malformations of cortical development (MCD) often result in the development of epilepsy. While these malformations can be discovered with surgery, they cannot be seen using noninvasive structural imaging.
Breakthroughs:
Winston et al. [69] suggested that advanced diffusion imaging could help identify a common structural cause of epilepsy. In particular, these malformations are associated with a reduced density of neurites.
